The vertical velocity and air mass flux in isolated convective clouds are statistically analyzed 10 using aircraft in-situ data collected from three field campaigns: High-Plains Cumulus (HiCu) 11 conducted over the mid-latitude High Plains, COnvective Precipitation Experiment (COPE) 12 conducted in a mid-latitude coastal area, and Ice in Clouds Experiment-Tropical (ICE-T) 13 conducted over a tropical ocean. The results show small-scale updrafts and downdrafts (< 500 m 14 in diameter) are frequently observed in the three field campaigns, and they make important 15 contributions to the total air mass flux. The probability density functions (PDFs) and profiles of 16 the observed vertical velocity are provided. The PDFs are exponentially distributed. The updrafts 17 generally strengthen with height. Relatively strong updrafts (> 20 m s -1 ) were sampled in COPE 18
compared to the strongest updrafts in mesoscale convective systems (MCSs) . No balloon 156 soundings are available to measure the ambient environment in HiCu, so we use aircraft 157 measurements to characterize the thermodynamic environment and estimate the convective 158 available potential energy (CAPE). In some cases, the full CAPE cannot be calculated since the 159 aircraft only flew at low levels (below 10 km MSL). The aircraft measurements suggest that the 160 CAPE in HiCu ranged from less than 100 J kg -1 to more than 500 J kg -1 . 161
The COPE project was conducted from the 3 rd of July to the 21 st of August, 2013 in Southwest 162
England (Fig. 1) . The UWKA was used to study the microphysics and entrainment in mid-163 latitude coastal convective clouds (Leon et al., 2015) . Seventeen research flights were conducted. 164
The penetrations focused on regions near cloud top, which is verified based on the radar 165 reflectivity from the onboard WCR. Since COPE was conducted in a coastal area, the convection 166 initiation mechanism is different from that over a purely continental or ocean area. In addition, 167 although the ambient air mainly came from the ocean, continental aerosols might be brought into 168 the clouds since many of the convective clouds formed within the boundary layer, further 169 impacting the microphysics and dynamics of these clouds. Measurements from COPE include 170 temperature, vertical velocity, liquid water content, and particle concentration and size 171 distributions. The WCR provided measurements of reflectivity and Doppler velocity. The 172 downward Wyoming Cloud Lidar (WCL) was operated to investigate the liquid (or ice) 173 dominated clouds. The typical WCR reflectivity ranged from 5 to 20 dBZ in the convective cores. 174
Between 0 km and 6 km, there were about 800 penetrations. Accumulated flight distance in 175 cloud totaled about 1000 km. The sample sizes are relatively large between 2 km and 6 km, but 176 relatively small between 0 km and 2 km. Examples of the penetrations are given in Fig. 2b(1-3) . 177 COPE has fewer penetrations than HiCu, and most of the penetrations are near the cloud top. Fig.2b (2) reveals relatively simple structures of the updrafts and downdrafts in COPE compared to 179
HiCu, but as shown by the 25-Hz in-situ vertical velocity measurement in Fig. 2b(3) , there are 180 still many complicated fine structures in the vertical velocity distribution. The typical CAPE 181 estimated from soundings in COPE was a few hundred J kg -1 . 182
The ICE-T project was conducted from the 1 st of July to the 30 th of July, 2011 near St. Croix, 183 U.S. Virgin Islands ( 
Wind measuring system 210
On both the C-130 and UWKA, a five-hole gust probe is installed for measurements of 3D wind. 211
On the C-130, this probe is part of the fuselage radome, on the UWKA the probe is mounted on 212 the end of an extended boom protruding from the front of the aircraft. In both cases the probe 213 contains five pressure ports installed in a "cross" pattern. Relative wind components (e.g. true air 214 speed and flow angles) are sensed by a combination of differential pressure sensors attached to 215 the five holes (Wendisch and Brenguier, 2013) . Detailed calculation of relative wind components 216 is described in Wendisch and Brenguier (2013) . The time response and the accuracy of the 217 pressure sensors is about 25 Hz and 0.1 mb. The 3D wind vectors are determined by subtracting 218 the aircraft velocity from the relative wind measurement after rotating the vectors to a common 219 coordinate system. On the C-130 and UWKA, aircraft velocity is measured by a Honeywell 220 LASEREF SM Inertial Reference System (IRS), with an accuracy of 0.15 m s -1 for vertical 221 motion. Global Positioning System (GPS) was applied to remove the drift errors in the IRS 222 position in all the three field campaigns (Khelif et al., 1998 
3.
Analysis method 232
3.1
Identifying cloud using in-situ measurements 233
The Particle Measuring Systems (PMS) Two-Dimensional Cloud (2D-C) Probe and the Forward 234
Scattering Spectrometer Probe (FSSP) are often used to characterize cloud microphysics (e.g. 235 Anderson et al., 2005) , although different thresholds of 2D-C and FSSP concentrations are 236 usually used to identify the edge of a cloud. In this paper, we also use FSSP and 2D-C probes to 237 find the cloud edges. In order to find a reasonable threshold for identifying cloudy air, we first 238 use the WCR reflectivity to identify the clouds and the cloud-free atmosphere; for those regions 239 we then plot the particle concentrations measured by FSSP and 2D-C in order to determine 240 reasonable thresholds, and we apply the thresholds of particle concentrations to all the research 241 flights without WCR. 242
To identify clouds using WCR, the six effective range gates nearest to the flight level (three 243 above and three below) are chosen in each beam. Any beam in which the minimum reflectivity at 244 the six gates exceeds -30 dBZ 1 is identified as in-cloud. 245 Fig. 3 . However, in some clouds (e.g. pure ice 256 clouds), the FSSP concentration could be lower than 2 cm -3 , and 2D-C concentrations are needed 257 to identify these cold clouds. We chose a concentration of 1 L -1 2D-C particles with diameters 258 larger than 50 μm as the second threshold to identify cloud, indicated by the dotted line in Fig. 3 . 259
In order to avoid precipitating regions (below the LCL calculated from soundings), the second 260 threshold is only applied to penetrations at temperatures colder than 0 º C, thus the cloud is 261 defined when FSSP concentration ≥ 2 cm -3 or 2D-C concentration ≥ 1 L -1 . At temperatures 262 warmer than 0 º C, the FSSP concentrations in most convective clouds are higher than 2 cm -3 , so 263 only the first threshold is used. 264
Once a cloud is identified, the penetration details can be calculated, including the flight length, 265 the flight height, the cloud top height if WCR data were available, and the penetration diameter. 266
The penetration diameter is calculated as the distance between the entrance and exit of a 267 penetration. In order to reject penetrations with significant turns, we require that the diameter of 268 a penetration be at least 90% of the flight length, so the cloud scale will not be significantly 269 overestimated. Since the aircraft might not penetrate exactly through the center of a cloud, the 270 actual cloud diameter may be larger than the penetration diameter. Based on WCR reflectivity 271 images, there are no isolated convective clouds sampled larger than 20 km in diameter. There are 272 a few penetrations longer than 20 km, but these clouds are more like part of MCSs, and so they 273 are excluded from this study. 274 The diameter threshold (500 m) is not used in this paper, because drafts narrower than 500 m 286 frequently occur and they may make important contributions to the total air mass flux in the 287 atmosphere and therefore they are necessary to be considered in model simulations. Fig. 4 shows 288 the PDFs of the diameters of all the updrafts and downdrafts sampled in HiCu, COPE and ICE-T. 289
In all the panels, the diameters are exponentially distributed, the PDFs can be fitted using 290
where f is the frequency and x is the diameter. The coefficients α, β and γ for each PDF is shown 292 in each panel. This function will also be used to fit the PDFs of vertical velocity and air mass 293 flux in the following analyses. Generally, as seen in of the total downward air mass flux. The definitions of "weak", "moderate" and "strong" only 335 apply for the isolated convective clouds analyzed in this study, and are not necessarily 336 appropriate for organized convection (e.g. MCS). Drafts weaker than 10 kg m -1 s -1 are not 337 analyzed because they are too weak and most of them are very narrow (Fig. 5b) . The numbers of 338 weak, moderate and strong updrafts and downdrafts sampled at 0-2 km, 2-4 km, 4-6 km, 6-8 339 km and 8-10 km MSL are shown in Table 2 . Generally, weak and moderate drafts are more 340 often observed than strong drafts. At most of the height ranges, more updrafts are observed than 341 downdrafts. 342
Some researchers have defined a "draft core" by selecting the strongest portion within a draft. As the diameter increases to 4 km, the contributions to total air mass flux from relatively weak 376 updrafts (red bar) decrease, while those from stronger updrafts (blue bar) increase. For a 377 penetration of 4 km length, 80%-90% of the total upward mass flux is contributed by the strong 378 updrafts with air mass flux ≥ 500 kg m -1 s -1 . However, for the penetrations with diameter larger 379 than 4 km, the contribution from relatively weak updrafts increases, probably because more 380 weak updrafts exist in wider clouds (Fig. 6) . This is more obvious in Since the aircraft might under-sample the strongest updraft cores, the tails of the PDFs could be 395 biased low, but these PDFs still provide valuable information. In all the panels, the observed 396 vertical velocities are exponentially distributed for both updrafts and downdrafts; the PDFs can 397 be fitted using Eq. (1). From Fig. 8 we see that at 0-2 km, the PDFs for both COPE and ICE-T 398 are narrow. At 2-4 km, stronger updrafts and broader PDFs are observed in both COPE and ICE-399 In Fig. 10a-c , the three definitions of drafts show different intensities in the vertical velocities. 441
Typically, the 10%, 50% and 90% values in the dotted boxes are 1-2 times larger in magnitude 442 than those in the solid boxes. However, the profiles of the three definitions of drafts vary 443 similarly with height for each field campaign. In the updrafts sampled during HiCu (Fig. 10a) , 444 the maximum vertical velocity increases with height up to 8 km, then decreases with height 445 above that. The 90% vertical velocity in the solid boxes increases from 4 m s -1 to 8 m s -1 between 446 0-10 km. The 10% and 50% vertical velocities in the solid boxes remain similar between 2-8 km 447
then slightly increase at 8-10 km. In the downdrafts, the minimum vertical velocity decreases 448 from -7 m s -1 to -12 m s -1 up to 8 km and increases to -9 m s -1 at 8-10 km. The 10%, 50 % and 449 90% values all slightly decrease with height. In the updrafts sampled during COPE (Fig. 10b) , 450 the maximum, 10%, 50% and 90% vertical velocities increase with height and the observed 451 maximum value is 23 m s -1 . The minimum vertical velocity in the downdrafts intensifies from -5 452 to -10 m s -1 with height up to 4 km, then remains similar at 4-6 km. In the updrafts sampled 453 during ICE-T (Fig. 10c) , the maximum vertical velocities increase with height from 5.5 m s -1 to 454 25 m s -1 up to 6 km, then slightly decreases at 6-8 km. The 90% value increases from 2 to 6 m s upwind and downwind sides of the draft, respectively, such that the draft is centered at 0.5. Since 500 we do not have continuous penetrations in a single cloud, we have to statistically analyze the 501 evolution of the draft structure. In Fig. 11 , we can see the normalized shape does not change 502 significantly with height, but the observed peak vertical velocity does increase with height for all 503 the three field campaigns. If the magnitude of the vertical velocity is normalized, the structures 504 of the updraft and downdraft at different heights would be very similar. Connecting this figure to 505 the PDFs of diameter (Fig. 4) and air mass flux (Fig. 9) , the results show statistically that the 506 drafts were expanding (Fig. 4) and the magnitude of vertical velocity was increasing (Fig. 11) , 507 but the air mass flux has no obvious dependence with height (Fig. 9) . This reveals the complexity 508 of the evolution of the drafts. Based on our datasets, there could be different possibilities of 509 updraft changes with height: 1) an updraft expanded and the vertical velocity weakened with 510 height, 2) an updraft expanded and the vertical velocity strengthened with height, 3) an updraft 511 divided into multiple updrafts and downdrafts, 4) two updrafts merged and became one updraft. 512
In addition, entrainment/detrainment and water loading also have important impacts on how 513 drafts change with height within convective clouds. 514
In this composite analysis based on in-situ measurements, the penetration direction has no 515 obvious impact on the vertical velocity structure, whether the aircraft penetrates along or across 516 the horizontal wind (not shown). For convective clouds, wind shear has a large impact on the 517 cloud evolution (Weisman and Klemp 1982) ; however, the aircraft data are insufficient to reveal 518 the wind shear impact, because each penetration was made at a single level and the aircraft did 519 not always penetrate through the center of the draft. Remote sensing data can be helpful to study 520 the 2D or 3D structures of the vertical velocity in convective clouds. For example, airborne radar 521 with slant and zenith/nadir viewing beams can provide 2D wind structure in convective clouds 522 evolve. The key point presented in Fig. 12a-c is that the peak vertical velocity is observed at 532 higher levels as the clouds evolve. For clouds with CTHs lower than 4 km (red boxes), the 533 maximum vertical velocity is observed at 2-4 km. When the cloud become deeper, the observed 534 vertical velocity and air mass flux are stronger at higher levels. The maximum vertical velocity is 535 observed within 2 km of cloud top; consistent with Doppler velocity images measured by WCR 536 (e.g. Fig. 2b ) that show the strongest updraft is typically observed 1-1.5 km below cloud top. 537
The strongest downdrafts are sometimes observed more than 2 km below cloud top. The 10% 538
and 50% values do not have obvious trends as the clouds evolve, possibly because of the 539 increasing contribution from moderate and weak drafts as the clouds become deeper and broader 540 (Fig. 6 and 7) . The observed air mass flux (Fig. 12d-f ) has no obvious trend as the clouds evolve, 541 again suggesting multiple factors (e.g. entrainment/detrainment, microphysics) may impact the 542 evolution of these drafts. Since the aircraft provides data from just single-line penetrations, and 543 not 2D vertical information, additional measurements, including remote sensing measurements 544 are needed to better understand the evolution of the vertical velocity in convective clouds. 545 546
5.
Discussion 547
In this study, we provide the statistics of vertical air motion in isolated convective clouds using 548 in-situ measurements from three field campaigns. The statistical results suggest vertical air 549 motions in convective clouds are very complicated and could be affected by many factors. 550
Microphysics strongly interacts with vertical velocity through different processes, for example, 551 droplet condensation/evaporation, ice nucleation/sublimation, water loading, etc. Yang et al. 552 (2016) show the LWC and IWC are both higher in stronger updrafts in developing convective 553 clouds, while the liquid fraction has no obvious correlation with vertical velocity. In mature 554 convective clouds the LWC is also higher in stronger updrafts, but the IWC is similar in 555 relatively weak and strong updrafts. The liquid fraction is correlated to the vertical velocity 556 between -3 C and -8 C, possibly because Hallet-Mossop process is more significant in weaker 557 updrafts (Heymsfield and Willis, 2014) . Lawson et al. (2015) shows the existence of millimeter 558 drops in the convective clouds can result in fast ice initiation, and the significant latent heat 559 released during the ice initiation process can strengthen the updrafts. In ICE-T and COPE, we 560 also observe many millimeter drops, which may strongly interact with vertical velocity through 561 fast ice initiation process. However, in some cases, the existence of millimeter drops can result in 562 a significant warm rain process (Yang et al. 2016; Leon et al. 2016) , which may weaken the 563 updrafts and result in rapid cloud dissipation. 564 Entrainment/detrainment also has a strong interaction with vertical velocity. In the analysis 565 above, the downdrafts observed in HiCu and COPE are stronger than those observed in ICE-T. 566
This may be partly because the ambient relative humidity is low in HiCu and COPE compared to 567 ICE-T, resulting in a strong evaporation-cooling effect when the ambient air mixes with cloud 568 parcels through lateral entrainment/detrainment (Heymsfield et al., 1978) . Entrainment has 569 impacts on updrafts as well. Recent studies using in-situ measurements and model simulations 570 suggest stronger entrainment may result in weaker updrafts (e.g. Lu et al., 2016) . In this study, 571
we also find weaker updrafts are associated with stronger entrainment/detrainment using in-situ 572 measurements of relative humidity, equivalent potential temperature, droplet concentration and 573 Small-scale updrafts and downdrafts in convective clouds are often observed in the three 589 field campaigns. More than 85%, 90% and 74% of the updrafts are narrower than 500 m in HiCu, 590 COPE and ICE-T, respectively, and more than 90% of the downdrafts are narrower than 500 m 591 in the three field campaigns combined. These small scale drafts make significant contributions to 592 the total air mass flux. Updrafts narrower than 500 m contribute 20%-35% of the total upward 593 flux, and downdrafts narrower than 500 m contribute 50%-65% of the total downward air mass 594 flux. 595
LWC (not shown
)
2)
In terms of the air mass flux, the weak and moderate drafts make an important 596 contribution to the total air mas flux exchange. Generally, the number of drafts increases with 597 cloud diameter. For many narrow clouds, the weak and moderate drafts dominate and contribute 598 most of the total air mass flux. For broader clouds, the stronger updrafts contribute most of the 599 total air mass flux, but the contribution from weak and moderate drafts increases as the cloud 600 evolves. The composite structures of the vertical velocity in the updrafts and downdrafts have 613 similar normalized shapes for the three field campaigns: the vertical velocity is the strongest near 614 the center, and weakens towards the edges. Statistically, the vertical velocity and diameter were 615 increasing with height, but the air mass flux does not has obvious trend with height, suggesting 616 entrainment/detrainment, water loading and other complicated processes have impacts on the 617 evolution of the drafts. 618
6)
The change of vertical air motion characteristics as the cloud evolves are briefly 619 discussed. Generally, the strongest portion of a draft ascends with height as the cloud evolves. 620
The maximum vertical velocity is observed within 2 km below cloud top; the downdrafts are 621 sometimes stronger at levels more than 2 km below cloud top. 
